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Abstract

An investigation into the effect of
electron beam induced space charge on the
insulating property of a gas in a spark gap
is presented. The characteristics of the gas
transition from insulator to conductor show
strong dependence on the amount and location
of the space charge introduced. Investigations
of the delay time and the characteristics of
the conducting channel have been made. The
delay time from the injection of the e-beam
to the collapse of the gap voltage ranges

from 10 0 to 10——3 second. From open shutter
photography, we observe that the character of
the conducting channel is quite varied. Dark,
diffuse, filamentary, or diffuse followed by
filamentary (single or multiple) channels

have been observed, depending on the space
charge conditions. The fundamental processes
leading to the collapse of the insulating pro-
perty of the gas for various experimental conditions
are discussed.

I. Introduction

The development of high power switches
has recently received a great deal of atten-
tion as a common and crucial area of interest
For scientists working on high power laser,
fusion, high current charged-particle accele~
rators, and weapons-effect simulators. These
switches must be capable of fast and repeti-
tive transfer or interruption of high voltage,
high current from an energy storage device to
various transducers. To meet these require-
ments a number of novel switches have been

proposed.1 In many of these approaches,
switching is accomplished by causing a tran-
sition between insulating and conducting
states of a gas. The various devices that
operate in this fashion differ mainly in the
way this transition is initiated and in the
characteristics of the conducting stage, i.e.
whether it be a diffuse or filamentary dis-
charge.

The electron beam has been shown to be
a powerful tool for initiating either a self-
sustaining or a nonself-sustaining discharge

in a high pressure gas in a spark gap.2’3
This paper presents an investigation into the
effects of the space charge induced by an
electron~-beam on spark gap operation. These
effects are fundamental to the understanding
of the e-beam switching.

In Section II of this paper, the experi-
mental setup and procedures are described.
In Section III, the results are presented.
These results significantly extend those pre-

cented in a previous paper. We give further
discussions of the physical processes occur-
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ring in e-beam switching. Recommedations for
e~beam switching applications are given in
Section IV.

IT. Experimental Arrangement

A diagram of the apparatus used for these
investigations is shown in Fig. 1. This setup
has been described in detail in references 4
and 5. Briefly, the experiment consists of
an energy storage element, a gas insulated,
pressurized spark gap, and a source of ener-
getic electrons. The energy storage element
and the spark gap are contained within the
high pressure vessel of a Van de Graaff charged
coaxial line. The line can be charged to
approximately 1 MV and delivers a rectangular
pulse of approximately 10 ns, full width at
half maximum duration. The electron beam is
generated by a cold cathode field emission
vacuum diode which is located behind the
electrode facing the Van de Graaff charged
line. Modification to the diode described in
reference 4 are discussed in reference 5. A
better characterization of the e-beam has also
been made (see reference 5).

The effects that we have studied include:
(1) The characteristics of the resulting cur-

rent pulse (i.e. amplitude, length, risetime,
and waveform); (2) The switch delay tim: and
jitter; and (3) The spatial character of the

discharge channel.

The parameters varied during the course
of these investigations are: (1) The gap po-
larity (depending on how the Van de Graff is
charged, the target electrode can be either
positive or negative); (2) The gap voltage
Vg (varied between 30 percent and 95 percent

of the selfbreakdown voltage, which ranges
(3) The gas pressure
(NZ, and

and SF6); (5) The e-beam

(3-7 atm); (&)

mixtures of NZ
current (varied by putting a 1 mm thick alu-
minum mask with the desired area of uniformly
distributed holes in front of the beam.
current can be varied from about 4 A to 1
(6) The average e-beam energy (35 keV to
180 keV); (7) The e-beam pulse length (2-
50 ns).

The type of gas

The

KA

ITI. Results and Discussions

Since the parameter space investigated
is large, we have chosen the type of gas and
the gap voltage polarity, in reference to the
direction of the electron beam, to subdivide
this space. This choice is based on the
similarities of the physical processes that
occur in the regimes defined by these para-
meters. We shall first present the results
obtained using pure nitrogen, followed by
those obtained with mixtures of N2 and SF6'
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Because SF, is electronegative, the nature of
the electron beam induced space charge is
significantly different from that for pure NZ'
This has a great influence on the subsequent
evolution of the space charge in the gap, and
ultimately on the characteristics of the pulse
observed at the load.

In general, for pure N, and negative gap
voltage polarity ( i.e. the“electron beam is
retarded by the external field), the discharge
current characteristics and the conducting
channel luminosity are strong functions of
e-beam current amplitude and pulse length,
are relatively weak functions of average
e-beam energy. This is also observed for
positive gap polarity. Figure 2 shows the
discharge current pulses at the load as a
function of e-beam current amplitude, and
pulse length for both gap voltage polarities.
For both gap voltage polarities, no filamen-
tary arc channels are observed when the
amount of space charge introduced by the e-
beam is large. All the e-beam initiated dis-
charge current pulses shown in Fig. 2 corres-
pond to diffuse discharge channels. Since
the discharge current source is a charged
transmission line with a two-way delay time of
10 ns and the load is matched to the line, the
discharge current pulse is a square pulse with
a duration of 10 ns only when the gap resis-
tance is small compared to the characteristic
impedance of the charged transmission line
( 50 ohm in this experiment). When the gap
resistance is high, the mismatching created
will cause reflections, thus forming a current
pulse longer than 10 ns with a smaller ampli-
tude. Thus, from Fig. 2, we note that for
the same average e-beam energy the discharge
current pulse gets smaller in amplitude, has
longer risetime and becomes wider as the e-
beam current is lowered or made shorter in
duration. This implies that the gap resis-
tance decreases when the e-beam current inc-
reases. Using the same arguments, we find
that when the target electrode is charged
negative and the gas pressure is increased
from 5 atm to 7 atm, the gap resistance inc-
reases considerably. The variation of gap
resistance due to a similar pressure change
for the positive target case 1s not observed.
A 700 A, 60 keV, 35 ns electron beam is used
for both of these gas pressure experiments.
The discharge current pulse risetime was ob-
served to range from 2.5 ns to more than 10
ns. The lower limit is the same as that for a
selfbreakdown pulse. In general, the smaller
the e~-beam current is, the longer the risetime
is. From this kind of measurements we con-
clude that the delay time measured from the
injection of the e-beam to the appearance of a
sharp rise in the discharge current is less
than 1 ns (not including the delay time of the
transmission line used for diagnostics). Si-
milarly, the jitter is lower than the resolu-
tion of the experimental set-up (sub-nano-
second). In general, the variation of delay
time with respect to gap voltage polarity, gap
voltage, gas pressure, e-beam energy and cur-
rent is not detectable. A superposition of
five discharge current pulses is shown in
Fig. 3.

The spatial characteristics of the e-beam
initiated discharge channel is determined from
open shutter photographs. Examples are shown
in Fig. 4 for a positive target electrode and
in Fig. 5 for a negative target electrode.

and

For the same polarity, the conducting channel
luminosity varied as we changed the experimen-
tal conditions (e.g. e-beam current amplitude,
2~beam pulse length, e-beam cross section,
number of e-beams, gap voltage, etc), The
light distribution in the gap changes with
polarity, indicating that there are different
processes leading to the discharges. In
general, the discharge channel is broad except
when the amount of space charge induced by the
beam is small. In this case, the discharge
channels are filamentary (single or multiple),
and large delays are observed (hundreds of ns)
Figure 6 is an illustration of this condition.
In this case a 4 A, 150 keV, 10 ns e-beam has
been used to trigger a spark gap pressurized
to 3 atm of N,. The gap voltage is close to
selfbreakdown voltage (i.e. 95 %2 V__ ). Multi-
channel discharges have also been achieved
using multiple electron beams. Up to eight
channels have been simultaneously created

(see Fig. 4a).

The various results discussed in the
above paragraphs may be explained as follows.
When the e-beam is injected into the gap
towards a negatively charged electrode, it is
retarded by both the gas and the electric
field. The spatial distribution of the in-
duced space charge is thus determined by the
beam energy, the gas pressure and the magni-
tude of the applied field. The distribution
and amount of the induced space charge to-
gether with the gap conditions, determine the
properties of the discharge channels and
current characteristics. Simple calculation
shows that the current generated in the exter-
nal eircuit due to the motion of the space

charge induced by a 1 ns, 500 A, 60 keV e-
beam injected into a gap charged to 150 kV
in 3 atm N, is on the order of kA. This

explains t%e short delay times observed (mns).
Once the e-beam is injected into the gap, the
ionized and excited gas molecules will emit
photons in a short period of time. Those
photons having low absorption cross section
may reach the cathode. If their energy is
higher than the work function of the electrode
material, they can release electrons via the
photoelectric effect. This constitutes a
supply of electrons distributed over a large
area of the cathode. In their way to the
sanode the photoelectrons form a number of
avalanches. Since the avalanches are over-
lapping, the space charge enhanced field is
uniform, and therefore, we see a broad dis-
charge channel. This phenomenon is similar

to that observed by Koppitz.6 The avalanches
evolve until the ion space charge resulting
from the e-beam induced plasma is neutralized.
This is seen in Fig. 5. If this space charge
is small (for low e-beam current, for example)
multiple avalanches will develop, resulting in
a filamentary discharge as shown in Fig. 6.
When the target electrode is charged positive,
the injected fast electrons can penetrate
across the gap and create a conducting chan-
nel by ionizing the gas molecules. The con-
ductivity of the channel depends on the amount
of space charge introduced. The properties of
this discharge are similar to the e-beam sus-

rained discharge discussed in reference 3.
This experiment shows the fast turn-onm of this
mode of operation and its capability of deli-

vering a 0.5 kA/cm2 discharge current density.
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When mixtures of N2 and SF, are used as

6
the gas medium, the character of the discharge

is different than when pure N2 is used. in

general, when the gap voltage i1s higher than
some threshold voltage, V_ (Fig. 7a), the
discharge channel is filamentary (single or
multiple) with a discharge current pulse
similar to the selfbreakdown pulse. The thre-
shold voltage, V_, for the onset of this fi-
lamentary discharge deperds on gas pressure,
5 SF., e-beam conditions, etc. When the

gap voltage is lower than this threshold, no
filamentary arc channel is observed. The dis-
charge current amplitude is then very small
compared to that of selfbreakdown. After the
discharge stops the voltage of the charged
line drops to only a fraction of its original
voltage. These phenomena are observed for
both gap voltage polarities.

The delay time, from the injection of
e-beam to the detection of the discharge
current pulse at the load, not including the
delay time due to the transmission line for
diagnostics, has been measured and is shown
in Fig. 7 for negative target electrode and
in Fig. 8 for positive target electrode.

For the case of negative target electrode, the
e-beam energy plays an important role in deter-
mining the delay time. From Fig. 7b, we note
that fora ten fold increase in e-beam current,
the delay time decreases by 70 %. Moreover,
from Fig. 7c¢, we note that the delay time
increases by 500 times when the average e-beam
energy decreases to 60 % and the e-beam cur-
rent decreases to 33 %. Therefore, we con-
clude that the delay time is a strong function
of the average e-beam energy and a relatively
weak function of the e-beam current. For the
case of apositive target electrode, both e-beam
current and average energy show important
effects on the delay time. This is shown in
Fig. 8a, 8b, and 8e. In Fig. 7d and 8f, the
dependence of the delay time on the gas pres-
sure 1is displayed. The delay time increases
with increasing gas pressure for the case of a
negative target electrode, while it decreases
with increasing gas pressure for the case of

a positive target electrode. The dependence
of the delay time on the ratio of mixtures of

N2 and SF6 is displayed in Fig. 7e and 8d.

These observations can be explained as

follows. The attachment coefficient of SF6

is high for low energy electrons and inc-
reases with decreasing ratio of electric field
to gas pressure. Therefore, most of the low
energy electrons produced in the gap will at-
tach to SF, to form negative ions. Since the
drift velocity of these ions is low, the space
charge current induced in the external circuit
right after the injection of the e~beam is
small. When the target electrode is negative,
the ionized gas close to the anode virtually
extends the anode and enhances the electric
field due to asymmetry and reduction of the
cathode-virtual-anode distance. Since the net
ionization coefficient, (the difference between
ionization and attachment) is a strong func-
tion of the ratio of electric field to gas
pressure, the electron number density close to
the symmetrical axis of the electrodes grows
faster than those at other places. When the
injected e-beam has higher energy, it can
penetrate farther. The electric field in the
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cathode-virtual-anode region determines the
further development of the breakdown. Under
some conditions, a filamentary arc channel
may develop. Therefore, the delay time is
atrongly dependent on the e-beam penetration
depth, which is a function of e-beam energy,
gap voltage and gas pressure. When the target
electrode is positive, the inhomogeneous io-
nization of the gas by the non-monoenergetic
electron beam and the resulting nonuniform
distribution of space charge are thought to
be the reasonsleading to the breakdown of the
spark gap. When the gap voltage is lower than
the threshold, Vt, the space charge enhanced

electric field is not strong enough for the
spark gap to break down. A diffuse discharge
channel, which ceases before the charged line
voltage drops to zero, is observed under this
condition.

IV. Conclusions

The fundamental processes leading to the
collapse of the insulating property of the
gas for the various experimental conditions
studied have been elucidated. It has been
shown that with e-beam triggering, diffuse or
multichannel discharges can be achieved. For
high power switching applications, the diffuse
discharge channel obtained under certain con-
ditions provides the beneficial characteris-
tics of nonmeasurable delay and jitter, low
electrode erosion, fast recovery (because it
can be operated at low 7 VSb and the gas is

not fully ionized), and low switch inductance.
Moreover, multichannel discharge operation,
shown possible with e-beam triggering, pro-
vides low gap resistance, low switch induc-
tance, and low electrode erosion compared to
that of a single discharge channel.

The ability to tailor the space charge
induced by the e-beam to virtually create any
type of discharge channel would make this
scheme most desirable for spark gap operation.
However, the requirements for the e-beam
parameters may limit the range of applica-
bility. These requirements have been dis-
cussed in Section III.
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Fig. 2. Discharge Current Pulses.
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Discharge Channels Initiated

by a 4 A, 150 keV, 10 ns E-
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by a 500 A, 35 keV, 2.5 ns
E-beam. Fig. 6. Discharge Channels Initiated by a
- 4 A, 150 keV, 10 ns E-beam. (A 1 mm
Thick Al Mask with 8 Holes was Put in
front of the E-beam.)

Fig. 4. Discharge Channels when E-beam was
Injected from Cathode.
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Fig. 7% Delay Time vs E-beam Current.

Fig. 5. Discharge Channels when E-beam was
Injected from the Anode.
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Experimentul Conditions:

1 E-beam: 90 keV - 50keV
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